3
was mechanically stirred and vigorously mixed by hand using a spatula to form a white (Pregel). The solution pH of this pre-gel was 7.3. The pre-gel was further mechanically mixed using a kneading method similar to "dough making" for a further 5 min until it reached a smooth, uniform state. The gel was then sealed by two pieces of glass slides and clips with a hollow mold. These molds consisted of either an O-ring (inner diameter = 19 mm and wall diameter = 2.5 mm) or a PTFE hollow cylinder (inner diameter = 12 mm and height = 12 mm). Parafilm was used to completely encapsulate the molds to ensure that no potential evaporation during heating occurred. The gel was heated at the required temperature for 20 hr. Other gel MRs were prepared by varying the PEI:MG ratio (from 0.40 to 1.0) and molecular weight of PEI. The total volume of initial pre-gel was 2.0 mL. In the Ca 2+ stiffening experiments, PEI/MG(50-1.5) gels were immersed in saturated aqueous CaCl 2 solutions for various times.
Swelling and adhesive experiments.
During the gel preparation step, six prepared PEI/MG (50-0.67) gels were separately placed into different pH buffers. Universal pH indicator was added to each buffer solution. The gels were allowed to swell for 2 days. The change of color and weight was recorded. The adhesive ability was examined by a flip experiment with a glass slide. The gel at pH 7.4 were selected for adhering to various materials: rubber, plastic, steel, Teflon, glass and fresh porcine skin.
Self-healing experiment.
The disc-like samples were separated into two parts by cutting through the middle line. The gels were then re-joined together with some drops of water along the cutting line. They were sealed again and placed for 24 h at room temperature to allow healing process. The self-healed ability was quantified by uniaxial tensile measurement.
1.2.5. Physical measurements. Z-average diameter (d z ) and zeta potential (ζ) data were measured at 25 °C using a Malvern Zetasizer Nano ZS instrument. The d z values were calculated using the Stokes-Einstein equation. The carboxylic acid content and pK a for the MGs 4 were determined via potentiometric titration using a Mettler Toledo DL15 titrator. TEM samples were prepared by drop-casting MG dispersions (10 μL, 0.001 wt.%) onto copper grids (300 mesh) coated with holey carbon film. MGs were stained with uranyl acetate at room temperature overnight. TEM studies were performed using an FEI Tecnai 12 BioTwin instrument operating at 100 kV. SEM samples were freeze-dried and coated with Au/Pd prior to imaging to prevent sample-charging. All SEM studies were conducted using a FEI Quanta 650 FEG-SEM instrument operating at 20 kV. FTIR spectra were collected using a Nicolet 5700 ATR-FTIR spectrometer (128 scans, 2 cm -1 resolution). Dynamic rheology measurements were performed on a Discovery HR-3 Hybrid rheometer, with a parallel plate geometry and 1800 μm gap. The diameter of test gels was 15.5 mm. The strain amplitude and oscillation frequency sweeps were conducted at a frequency of 1 Hz and a strain of 1%, respectively. The storage modulus (G′) and loss modulus (G′′) were recorded simultaneously at 25 °C.
Mechanical properties were assessed using an Instron series 5569 instrument. Rectangular and cylinder shapes were prepared for tensile and compression tests, respectively. Uniaxial tensile measurements were conducted at a strain rate of 0.055 s -1 , while uniaxial compression studies utilized a strain rate of 0.015 s -1 . Compression experiments were ceased at ~ 84% strain to avoid damage to the instrument and gels had still not fractured under such conditions. The cyclic tensile test was performed on both tensile and compression measurements. Each sample was allowed to rest for 5 min between each successive cycle unless otherwise stated. The elastic modulus was obtained from the linear part of the stress-strain graph in the low strain region.
Engineering stress and strain are reported in this study. The adhesive strength was characterized by lap shear testing. Glass and Teflon substrates (75 mm × 25 mm × 1 mm) were cleaned using sonication in water and ethanol. Excess fat from porcine skins (75 mm × 25 mm × 1 mm) was removed using a scalpel and the skin cleaned with water and soap and rinsed well with water.
All samples were cut into the size of 15 mm × 15 mm before attachment. The gel was evenly 5 placed on one substrate surface, then two substrate surfaces were joined together by overlapping the gel for 10 s. The adhesive strength was obtained from the failure point of the gel under uniaxial loading.
1.2.6. Small-angle X-ray scattering and model fitting. Unless otherwise stated the gels studied using SAXS were immersed in aqueous saturated CaCl 2 solution for 30 s prior to measurement. SAXS data were collected using a laboratory SAXS instrument (Xeuss 2.0, Xenocs, France) equipped with a liquid gallium MetalJet X-ray source (Excillum, Sweden, wavelength λ = 0.134 nm), two sets of motorized scatterless slits for beam collimation and a Dectris Pilatus 1M pixel SAXS detector (sample-to-detector distance 5.088 m). SAXS patterns were recorded over a q range of 0.003 Å -1 < q < 0.13 Å -1 , where q = (4π sin θ)/λ is the length of the scattering vector and θ is one-half of the scattering angle. A cell comprising two mica windows (each of 25 μm thickness) separated by a 2 mm polytetrafluoroethylene spacer used as a sample holder for liquid samples and unstretched gels, whereas stretched gels were secured across a metal A-frame. In all cases, data were collected over 5 min and averaged where multiple acquisitions were recorded. Data were reduced (normalization and integration) using the Foxtrot software package supplied with the instrument and further analyzed (background subtraction and data modelling) using Irena SAS macros for IgorPro 1 .
Data collected for 1.0% w/w and 17% w/w aqueous dispersions of MG particles in their collapsed state were successfully fitted to a two-population model of homogeneous spheroids plus Gaussian polymer chains, where the total scattering intensity, , is represented by:
where is the scattering cross-section per unit sample volume of homogeneous spheroids
and is the scattering cross-section per unit sample volume of Gaussian polymer chains.
Specifically, is represented by:
where is the number of scatterers, is the hard-sphere interaction structure factor based ( ) on the Percus-Yevick approximation 2 , is their Gaussian size distribution function and ( ) is the particle form factor. Specifically, is expressed as:
where is the mean radius of the particles and is the standard deviation of the size ̅ distribution. The particle form factor, , is expressed as:
where is the X-ray scattering contrast. is represented by:
where φ is the volume fraction of polymer, V mol is the total molecular volume and ∆ξ is the excess scattering length density of the polymer [ = -= 2.46 x 10 -10 cm -2 ], where the
scattering length density of the polymer (PMAA), = 11.88 x 10 -10 cm -2 and the scattering length density of water, = 9.42 x 10 -10 cm -2 . The generalized form factor for a Gaussian 2 polymer chain, , is given by 3 : ( )
where the lower incomplete gamma function is and U is the
modified variable:
Here is the extended volume parameter and is the radius of gyration. Thus, these two fitting parameters are used for . The rod-like gel sample is stretched by hand and finally breaks when stretched to more than eight times its original length. 
